We describe a mechanism of nonlinearity of the light-current characteristic common to heterostructure lasers with a reduced-dimensionality active region. It arises from ͑i͒ noninstantaneous carrier capture into the active region and ͑ii͒ nonlinear ͑in the carrier density͒ recombination rate outside the active region. Because of ͑i͒, the carrier density outside the active region rises with injection current above threshold, and because of ͑ii͒, the useful fraction of current ͑that ends up as output light͒ decreases. We derive a universal closed-form expression for the internal differential quantum efficiency that holds true for quantum well, quantum wire, and quantum dot lasers.
1
Quantum well ͑QW͒ lasers have replaced bulk lasers in commercial applications.
2 Further enhancement is expected for lasers with lower dimensionality, such as quantum wire ͑QWR͒ and especially quantum dot ͑QD͒ lasers. [1] [2] [3] [4] In all reported QW, QWR, and QD laser structures, the quantum-confined active elements are embedded in a bulk reservoir region ͓which also serves as an optical confinement layer ͑OCL͔͒ wherefrom carriers are fed via some sort of a capture process. Since the capture process is never instantaneous, it gives rise to a current dependence of the carrier density in the reservoir n, even above threshold when the carrier density in the active region itself is pinned by the steady-state generation condition. The increasing n leads to an increase in the parasitic current corresponding to carrier recombination in the reservoir, and contributes to a deviation of the internal differential quantum efficiency int from unity.
This fact was noted earlier [5] [6] [7] [8] [9] but the actual reduction in int has never been quantified.
In this letter, neglecting other known mechanisms of nonlinearity ͑such as lattice and carrier heating͒, we show that the ''reservoir effect,'' combined with the nonlinear ͑su-perlinear in n͒ dependence of the recombination rate in the reservoir, gives a major contribution to the sublinearity of the light-current characteristic ͑LCC͒ at high injection currentscomparable in magnitude to the entire experimentally observed LCC degradation. This suggests that the reservoir effect is a dominant mechanism limiting both the output power and the linearity of the LCC.
The steady-state rate equations for the carriers confined in the active region and the free carriers in the OCL can be written as follows:
where j capt and j esc are, respectively, the current densities of carrier capture into and carrier escape from the active region, j spon active and j stim are the spontaneous and the stimulated recombination current densities in the active region, j OCL is the current density of the parasitic recombination in the OCL, and j is the injection current density.
The steady-state rate equation for the photons yields
where S is the active layer area ͑the cross section of the junction͒, N is the number of photons in the lasing mode, and ph is the photon lifetime in the cavity. The fact that the optical gain g pins above threshold and hence so does the carrier density in the active region, immediately follows from Eq. ͑3͒, taking into account that j stim ϰgN.
Since j esc and j spon active are both controlled by the carrier density in the active region, they also clamp above threshold. On the other hand, the capture current is linearly related to the carrier density n in the OCL, j capt ϭev capt n, where v capt is the capture velocity ͑in cm/s͒. Thus, we obtain from Eq. ͑1͒
͑4͒
where n th and j capt,th are the threshold values of n and j capt , respectively. The slower the carrier supply to the active region ͑the lower j capt,th ), the larger is nϪn th . The solution of the quadratic Eq. ͑6͒ gives j stim as a function of jϪ j th ; substituting this function into Eq. ͑4͒, we obtain an expression for n ͑Fig. 1͒.
The internal differential quantum efficiency of a semiconductor laser is defined as the fraction of the excess injection current that results in stimulated emission: int ϭ j stim /( jϪ j th ). With j stim from Eq. ͑6͒, we find 
͑7͒
We see that int is a decreasing function of jϪ j th ͑Fig.
2͒. The output optical power is of the form Pϭ(ប/e)S( j Ϫj th ) int ␤/(␤ϩ␣ int ) where ប is the photon energy, and ␤ and ␣ int are the mirror and internal losses, respectively. Thus, the output power is sublinear in the injection current ͑Fig. 3͒. This mechanism of nonlinearity is inherent to quantumconfined lasers of arbitrary dimensionality. For a given jϪ j th , the internal quantum efficiency and the output power are controlled by the dimensionless parameter j th OCL / j capt,th , which is the ratio of the recombination current in the reservoir to carrier capture current, both taken at threshold. Lowering this ratio will make int closer to unity ͑Fig. 2͒ and the LCC more linear ͑Fig. 3͒. Ideally, when this ratio vanishes ͑e.g., when j th OCL ϭ0-no recombination in the OCL͒, int ϭ1 at an arbitrary injection current and the LCC is linear. In general, however, j th OCL is a tangible fraction of the total j th , and int Ͻ1 even at jϭ j th . It is this component that should, first of all, be suppressed to minimize j th and optimize the structure. 10 The conclusion that high power performance of a laser is inseparably controlled by the threshold characteristics is of great importance. The higher the excess of the injection current over the threshold current, the stronger this relation is manifested ͑Figs. 2 and 3͒. The higher is the required output power, the lower should be j th ͑Fig. 3͒. Since QD lasers offer the lowest j th , our results prove there another-extremely important-potential advantage, namely the possibility of achieving the highest output powers.
At Fig. 1.   FIG. 3 . LCC for different ratios j th OCL / j capt,th . The dashed line corresponds to the ideal situation, j th OCL / j capt,th ϭ0 ( int ϭ1). The values of j th OCL / j capt,th , j th , and N S ͑from the top down͒ are the same as in Fig. 1 . We disregard freecarrier absorption in the OCL ͑see Refs. 6 and 7͒ by putting the internal loss ␣ int ϭ0.
and nӷn th . These square root dependences result from the assumed bimolecular (ϰn 2 ) recombination in the OCL. The higher the degree of superlinearity of the recombination rate in the OCL with respect to n, the higher the degree of sublinearity of the LCC. Since the nonradiative Auger recombination rate in the OCL increases as n 3 , this recombination channel can become dominant with increasing injection current. In this limit, the difference j OCL Ϫ j th OCL in Eq. ͑5͒ will be dominated by the cubic ͑in j stim ) term, i.e., jϪ j th ϰ j stim 3 . Hence, both j stim and P will be proportional to ͱ 3 jϪ j th and int ϭ j stim /( jϪ j th )ϰ j stim / j stim 3 ϭ1/j stim 2 ϰ1/( j Ϫ j th ) 2/3 . The higher the excess current jϪ j th , the larger fraction of it goes into parasitic recombination ͑first spontaneous and then Auger͒ outside the active region.
As seen from Eqs. ͑8͒ and ͑10͒, at high injection currents, the laser performance is controlled by the carrier capture into the active region. To accommodate carrier consumption by the active region, carriers accumulate in the OCL much in excess of their threshold amount. The resultant superlinear increase in parasitic recombination degrades the LCC. In this context, we note a radical design strategy, recently proposed to improve the temperature stability of QD lasers. 12, 13 In this approach, the two reservoirs feeding carriers into the quantum-confined region are essentially unipolar and the finite-delay capture process is not accompanied by a buildup of a bipolar carrier density and additional recombination. We therefore expect that lasers designed according to Refs. 12 and 13 will exhibit linear behavior and excellent power performance.
In conclusion, we have identified a type of sublinearity of the LCC of semiconductor lasers with a quantum-confined active region and derived a universal expression for the current dependence of their internal differential quantum efficiency int . This expression retains the same form for QD, QWR, and QW lasers.
The actual shape of nonlinear LCC depends on the dominant recombination channel outside the active region. Analysis of the LCC shape provides, therefore, a method for identifying the dominant recombination channel in the OCL.
We demonstrate a direct relationship between the power and threshold characteristics in the sense that reducing j th is a key to increasing int and P. This indicates that for high power applications, QD lasers may have a major advantage over conventional QW lasers.
